The 2 subspecies of mink (Neovison vison letifera and N. v. mink) in Illinois were characterized early in the 20th century; however, quantifiable morphological distinctions between the 2 subspecies remain unclear. Illinois biogeography, and the influence of glaciations on animal populations, might explain the distinctions between the 2 mink subspecies. We evaluated sexual dimorphism within each subspecies and morphologic variation between subspecific populations. Oral, facial, and braincase regions were defined by 22 dimensions. Sexual dimorphism was present in both subspecies of mink. Data were adjusted for sex differences and tested for differences between subspecies using analysis of variance and multivariate analysis of variance. Cranial dimensions differed significantly between N. v. letifera and N. v. mink. Cranial dimensions distinguish individuals of the 2 geographically distinct subspecies; however, an intergradation zone might be present. The results are consistent with population response to glaciations and subsequent expansion, however, further genetic testing is necessary to test this historical biogeography of N. vison.
Historical biogeography and consideration of the influence of glaciation on animal populations provide insight into the relationships among taxa and their genetic differentiation (Delcourt and Delcourt 1998) . The Wisconsin glaciations extended into mid-central Illinois, with the southern portion of the state remaining unglaciated. The southern boundary of the glacier was marked by differences in soil and vegetation (Bock et al. 1981) . Based on vegetation, soils, topography, and glacial history, the northern portion of the state was characterized as the Grand Prairie, with the Southern Till Plain to the south (Hoffmeister 2002) . Intrataxonomic groups might have used separate refugia during glaciations (Hewitt 1996; Taberlet 1998) , with some groups moving north after the glacial retreat. Geographic separation could lead to genetic differentiation between groups (Hewitt 1996) due to genetic drift, founder effects, or bottlenecks (Templeton et al. 1990 ). This process also would influence genetic diversity in the postglacier expanding population (Taberlet 1998) . This process can lead to the development of subspecies, with a hybrid zone between the 2 groups (Hewitt 1996) .
Two subspecific populations of mink (Neovison [formerly Mustela] vison), have been identified in the state of Illinois, Neovison vison letifera in the north and N. v. mink in the south (Hoffmeister 2002; Hollister 1913) . The 2 Illinois mink subspecies were characterized primarily by size and coloration differences, with N. v. mink distinguished as being generally smaller, having a less-pronounced sagittal crest, being darker in pelage color, and exhibiting fewer white ventral patches when compared to N. v. letifera (Hollister 1913) . These distinguishing traits are difficult to quantify, and as a result the morphological distinctions between these subspecies remain unclear. Subtle distinction between the 2 subspecies was noted by Dunstone (1993) and Hoffmeister (2002) .
This historical perspective might explain the distinctions between the 2 mink subspecies in Illinois. The Illinois distributions of N. v. letifera and N. v. mink are roughly defined by the Shelbyville moraine of the Wisconsin glaciations, which bisects the state (Hoffmeister 2002; Fig. 1) . Comparable distributions have been observed for other taxa, including 2 subspecies of Illinois gray squirrels (Sciurus carolinensis carolinensis and S. c. pennsylvanicusHavera and Nixon 1978), and numerous amphibians and reptiles (Bock et al. 1981; Smith 1961; Smith and Minton 1957) . Differences in mitochondrial DNA (mtDNA) corresponding to glacial events were documented in spotted salamanders (Ambystoma maculatum-Phillips 1994) and ringed salamanders (Ambystoma annulatum- Phillips et al. 2000) . Joint distributions of mtDNA of eastern chipmunks (Tamias striatus) and white-footed mice (Peromyscus leucopus) associated with population distribution following glaciations also have been documented (Rowe et al. 2006) .
Mink are native to North America, although they have been introduced broadly through Europe (Wiig 1985; Wiig and Lie 1979) . In most cases these populations were seeded with individuals that had been selectively bred for coat quality and were probably crosses between several subspecies (Dunstone 1993) . Subspecific designations, such as those with mink, have been used frequently to refer to genetically distinct, geographically separated populations; however, genetic or phenotypic differences distinguishing subspecies might not correspond to geographic patterns (Futuyma 2009; Smith et al. 1997; Templeton 1999 ). Morphological differences have been used to support distinct subspecific designations in studies of saddle-back tamarins (Saguinus fuscicollis- Cheverud et al. 1993; Cheverud and Moore 1990; Kohn et al. 2001) , antelope ground squirrels (Ammospermophilus leucurus-AlvarezCasteneda 2007), and gray squirrels (S. carolinensis-Havera and Nixon 1978). Eight saddle-back tamarin subspecies from adjacent geographic regions were distinguished by 11 facial dimensions (Cheverud and Moore 1990) . Further studies of hybrids between saddle-back tamarin subspecies found significant genetic differences between subspecies that differed in both cranial (Cheverud et al. 1993 ) and postcranial (Kohn et al. 2001 ) dimensions. Alvarez-Casteneda (2007 found support for subspecies of A. leucurus on islands adjacent to the Baja California peninsula based on 9 cranial dimensions. Two subspecies of gray squirrels from adjacent geographic areas in Illinois exhibit morphological differences, despite limited genetic differences (Havera and Nixon 1978) . Observed morphological differences between these populations or subspecies can be maintained by differences in population structure, including genetic differences of founding individuals, gene flow, and genetic drift (Templeton 1987; Wright 1932 Wright , 1941 . Natural selection on existing morphological variation also can produce morphological differences in these distinct locations. Although differences between disjunct populations can be anticipated, it is unclear whether adjacent populations of mink can be similarly distinguished.
Cranial morphology provides insight into differences between distinct populations within a species and interspecific variation. The cranium is composed of distinct regions, including the braincase, the face, and the oral region. These regions are not autonomous but exhibit a complex degree of integration due to developmental, functional, and environmental factors (Cheverud 1982 (Cheverud , 1995 (Cheverud , 1996 Goswami 2006; Zelditch et al. 1992) . Cranial dimensions are highly heritable (Cheverud 1995 (Cheverud , 1996 , a factor necessary for the evolutionary changes of morphological traits. Natural selection, operating on genetically distinct populations, can result in differences in cranial form and can be evident in cranial regions. Previous morphometric studies of mink focused on relatively localized body regions such as the carnassials complex (Humphrey and Setzer 1989) or used a limited number of cranial landmarks in mixed populations (Wiig 1985; Wiig and Lie 1979) . Studies could speculate on patterns of change across a number of variables (geologic, temporal, spatial, and sexual) . Although these studies answered specific questions concerning localized regions, they often were unable to disclose the broader nature of morphological differences within complex structures such as the cranium. Taxonomic differences associated with developmental, functional, or environmental factors, such as dietary differences, might not be evident in studies that focus on limited localized characteristics.
We used cranial dimensions to test morphological differences between N. v. letifera and N. v. mink, the 2 mink subspecies in Illinois. We used more cranial dimensions than have been used in previous studies, including dimensions of the braincase, face, and oral regions, to test whether morphological differences can be used to distinguish the 2 subspecies. Significant differences between subspecies will be evidence of genetically distinct populations that could reflect historical biogeography.
MATERIALS AND METHODS
Sample collection.-To test for subspecific differences in craniofacial morphology, 82 adult mink crania (43 male and 13 female N. v. letifera, and 20 male and 6 female N. v. mink) were obtained from the Illinois State Museum (Springfield, Illinois), the Field Museum of Natural History (Chicago, Illinois), the Illinois Natural History Survey (Champaign, Illinois), the Southern Illinois University Edwardsville Mammal Collection (Edwardsville, Illinois), and from various mink trappers in Illinois. Among museum specimens, only individuals identified by subspecies and sex in their museum record were included. No included individuals were known to be collected from a mink farm. Specimens were considered adult if they exhibited complete cranial suture closure and full dental eruption, following Dayan and Simberloff (1994) . Voucher (sampling) locations were obtained from museum records (Fig. 1) , although the voucher location was unknown for 12 specimens. Individuals with unknown voucher locations were not used in discriminant function analysis of subspecies.
Measurements.-Three-dimensional coordinates of 20 landmarks were recorded on each skull (Table 1 ; Fig. 2 ). Landmarks correspond to comparable studies of cranial morphology in primates (Cheverud 1995) and carnivores (Goswami 2006) . Cranial landmark coordinates were recorded using a Patriot 3-dimensional digitizer (Polhemus, Colchester, Vermont). All measurements used in this study were taken by the same individual (JEP). Coordinates were recorded twice for each landmark on each specimen.
Twenty-two linear dimensions were calculated from the 3-dimensional coordinates (Table 2) . Dimensions from the right and left sides of the head were averaged because no reason existed to assume bilateral differences. The repeated measurement of each cranium allowed an estimation of repeatability, defined as the total proportion of the variation due to individual variation, and the estimation of measurement error (Bailey and Byrnes 1990; Kohn et al. 1995) . Measurement repeatability should be high and measurement error, or the proportion of the total variability due to variance in measurement technique (estimated as 1 minus repeatability), should be low. Increased repeatability was achieved by averaging repeated measurements (t 2 -Cheverud 1995), with their repeatability calculated by t 2 5 2 3 t 1 /(1 + t 1 ).
The cranium can be subdivided into functional regions based on the functions associated with each region. This study concentrated on 3 functional regions, the oral region, the facial region, and the braincase. Subspecific differences can affect Glenoid fossa 2 (GF2)-The glenoid fossa forms a C-shaped declivity forming the temporal portion of the temporal-mandibular joint. The lateral, inferiormost region juts anteriorly. Landmark is taken at the anteriormost position of that lower structure.
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Glenoid fossa 1 (GF1)-The glenoid fossa forms a C-shaped declivity forming the temporal portion of the temporal-mandibular joint. The medial, inferiormost region juts anteriorly. Landmark is taken at the anteriormost position of that lower structure.
FIG. 2.-
The 20 cranial landmarks used to detect sexual dimorphism within subspecies, and differences between subspecies, of Neovison vison. Some landmarks are represented on both dorsal and ventral views (redrawn and revised from Gilbert 1990) . Landmarks are defined in Table 1. one region more than another, and dimensions that cross functional regions might mask these differences. The oral region included all measurements associated with dental and palatal dimensions. The facial region included measurements of the maxilla, orbit, and zygomatic dimensions. The braincase included measurements of the cranial vault and cranial base. The functional region associated with each dimension is listed in Table 2 . An additional 5 measurements crossed functional areas and described overall dimensional descriptions. The data were normally distributed (Lilliefors test, P . 0.05), and variances were equal between males and females within each subspecies (variance ratio test). No further data transformation was necessary prior to data analysis. All analyses were completed in SYSTAT 11.0 (Systat Software, Inc., Redmond, California).
Sexual dimorphism.-Sexual dimorphism is prevalent in many families of mammalian carnivores, including most mustelids (Moors 1980; Ralls 1977) . Previous studies of mink found significant sexual dimorphism, with males typically twice the size of females (Dunstone 1993; Macdonald and Strachan 1999; Thom et al. 2004 ). We tested the null hypothesis that male and female dimensions did not differ by functional region of each subspecies using a multivariate analysis of variance (MANOVA) to test for overall differences between males and females. For each functional region the dimensions were the dependent variables, and sex was the independent variable. An analysis of variance (ANOVA), with each dimension as the dependent variable and sex as the independent variable, tested differences between males and females for each trait. Incorporating both univariate and multivariate analyses within each functional group allows for detection of regional significant differences, even if individual dimensions do not differ between the sexes. Differences due to sex can confound the assessment of subspecific differences and must be adjusted prior to further analysis. Differences between males and females for each trait within each subspecies were adjusted by adding the difference between the male and female mean to the individual female values (adjusted female value 5 original female value + (male mean 2 female mean)). This process gives equal means for males and females within each subspecies (Cheverud 1995; Kohn et al. 2001) , and subsequent analyses were completed on these sex-adjusted data.
Subspecies differences.-With the consideration of the historical biogeography of N. vison in Illinois, we tested for significant differences in the cranial dimensions of N. v. mink and N. v. letifera. The sex-adjusted data were normally distributed (Lilliefors test, P . 0.05), and variances were not different between subspecies (variance ratio test). The sexadjusted data were used in a MANOVA to test for significant differences between the subspecies within each functional area, with dimensions of the functional area as the dependent variables and between subspecies (variance ratio test). We used ANOVA to test individual dimensional differences, with each dimension as the dependent variable and subspecies as the independent variable. Discriminant function analysis (DFA) was used to evaluate differences between subspecies based on linear dimensions. Discrimination between 2 subspecies tested for the proportion of individuals that were classified correctly (Sokal and Rohlf 1995) . Both the original and the jackknifed procedures were (Manly 2004) . The Mahalanobis distance of individuals from the subspecies centroid was used to identify individuals that appeared to be misclassified based on linear dimensions.
RESULTS
Repeatability.-Repeatability for single measurements (t 1 ) ranged from 65% to 100%, with a median of 94% (Table 2 ). The repeatability of the averaged measurements ranged from 79% to 100%, with a median repeatability of 97%.
Measurement repeatability was generally high, thus measurement error had little effect on estimating differences between mink subspecies.
Sexual dimorphism.-Significant multivariate differences between males and females in N. v. letifera were evident within each functional area (Table 3 ). All dimensions in N. v. letifera were significantly larger in males than in females ( Table 2 ). The degree of sexual dimorphism in N. v. mink was less pronounced, with fewer dimensions in N. v. mink exhibiting significant differences between males and females than was observed in N. v. letifera. Male N. v. mink were significantly larger than females for 12 of the 22 traits (Table 4 ). Significant univariate differences between male and female N. v. mink were found in each of the cranial regions, and multivariate differences between males and females were found only in the face (F 2,23 5 8.14, P 5 0.002; Table 3 ).
Subspecies differences.-Data adjusted for sexual dimorphism revealed significant regional differences between subspecies in the braincase (F 7,74 5 5.58, P , 0.001; Table 3 ), face (F 2,79 5 5.326, P 5 0.007), and oral regions (F 7,74 5 4.043, P , 0.001). Six dimensions were significantly different between the subspecies, with parietal (ocular) protuberance to M1, glenoid fossa 1 to posterior nasal spine, and P1 to M1 larger in N. v. letifera, and posterior auditory meatus to glenoid fossa 2, interdentale superior to P1, and bizygomatic protuberance breadth larger in N. v. mink (Table 4) . N. v. letifera was longer and broader in the anterior and posterior cranium, and N. v. mink was longer and broader in the midcranium region.
The DFA correctly classified 85% of the individuals, with the jackknifed procedure correctly classifying 76% of the With ,10% difference between the classification rates of the 2 methods, the traditional discriminant function results were considered reliable. Ten individuals were identified as misclassified (6 N. v. letifera and 4 N. v. mink) to subspecies based on cranial dimensions. Three of the N. v. letifera that were identified as misclassified were from a single region in northern Illinois, and 3 were collected in counties close to the Shelbyville moraine of the Wisconsin glaciations (Fig. 3) . Three of the N. v. mink identified as misclassified were collected near the midstate boundary between the 2 subspecies, and 1 was collected from the southern portion of Illinois.
DISCUSSION
The 2 Illinois subspecies of mink differed in regional morphology within the cranium. Although all cranial regions were significantly different between N. v. letifera and N. v. mink, N. v. letifera was longer and broader in the anterior and posterior cranium, and N. v. mink was longer and broader in the midcranial region. Six of the 22 dimensions exhibited significant differences between the subspecies. Examination of our data indicated statistically significant differences between the 2 groups, supporting the status of the 2 subspecies in Illinois. The 2 subspecies of mink both exhibited sexual dimorphism; however, they differed in the degree of observed difference between males and females. N. v. letifera exhibited a greater degree of sexual dimorphism than was observed in N. v. mink. Once adjusted for differences in sex, the subspecies differences were significant but not dramatic.
The DFA found 10 misclassified specimens based on linear dimensions. Three of the specimens of N. v. letifera that appeared to be misclassified were collected in 2 northern counties. A large mink farm was located in that region. The observed variation could be due to genetic mixing of wild and ranch-farmed mink. Another possible explanation for this is interbreeding with either N. v. vison or N. v. lacustris. Both N. v. lacustris and N. v. vison inhabit a distribution that borders N. v. letifera to the north and northeast, respectively. Other misclassified animals, both N. v. letifera and N. v. mink, were collected from counties closer to the Shelbyville moraine. Interbreeding between subspecies is well documented (Dunstone 1993; Enders 1952; Hollister 1913; Shackelford 1949) and might account for the variation observed in these adjacent populations.
The specimens of N. v. letifera were collected from the northern portion of Illinois, and those of N. v. mink were collected from the southern portion of the state. A few specimens of both subspecies were collected from the region of the Shelbyville moraine of the Wisconsin glaciation (Hoffmeister 2002 ; Fig. 1) . The boundary corresponds approximately to the natural divisions proposed by Schwegman (1973) , with the Grand Prairie to the north and the Southern Till Plain to the south. Although prairie was found on either side of the Shelbyville moraine, vegetation differed between the 2 areas, with richer soils to the north and sandier soils to the south. Mink subspecies in Illinois were 1st defined by their modern geographic location; however, they appear to be a product of their biogeographic history.
The results are consistent with disjunct populations from ice age refugia that expanded following the retreat of the Wisconsin glaciations and subsequently came into contact in the current hybrid zone. We can expect that geographically distinct populations would exhibit genetic differences due to founder effects, bottlenecks, and genetic drift. Natural selection operating on genetic differences between subpopulations could explain the significant, yet subtle, differences between N. v. letifera and N. v. mink in Illinois. These morphological distinctions might be difficult to discern in the field, and we can expect field identification to be based primarily on location. Intergradations between the subspecies can be expected in the area of the Shelbyville moraine where they might come into contact. Results of intergradation could lead to difficulty in field identification of individuals, resulting in their misclassification. A future study of genetic differences between N. v. letifera and N. v. mink should further elucidate their distinctions and provide a test of the biogeographic history of N. vison. 
